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ABSTRACT 

We examine the relation between surface brightness, velocity dispersion and size—the fundamental 
plane—for quiescent galaxies at intermediate redsliifts in the COSMOS field. The COSMOS sample 
consists of ~ 150 massive quiescent galaxies with an average velocity dispersion a ~ 250 km s -1 and 
redshifts between 0.2 < z < 0.8. More than half of the galaxies in the sample are compact. The 
COSMOS galaxies exhibit a tight relation (~ 0.1 dex scatter) between surface brightness, velocity 
dispersion and size. At a fixed combination of velocity dispersion and size, the COSMOS galaxies are 
brighter than galaxies in the local universe. These surface brightness offsets are correlated with the 
rest-frame g — z color and D„4000 index; bluer galaxies and those with smaller D n 4000 indices have 
larger offsets. Stellar population synthesis models indicate that the massive COSMOS galaxies are 
younger and therefore brighter than similarly massive quiescent galaxies in the local universe. Passive 
evolution alone brings the massive compact quiescent COSMOS galaxies onto the local fundamental 
plane at z = 0. Therefore, evolution in size or velocity dispersion for massive compact quiescent 
galaxies since z ~ 1 is constrained by the small scatter observed in the fundamental plane. We 
conclude that massive compact quiescent galaxies at z < 1 are not a special class of objects but rather 
the tail of the mass and size distribution of the normal quiescent galaxy population. 

Subject headings: galaxies: evolution — galaxies: high-redshift — galaxies: formation — galaxies: 
structure 


1. INTRODUCTION 

Observations of the structural properties of galax¬ 
ies across cosmic time are critical for understanding 
how galaxies form and evolve. Most massive galax¬ 
ies observed in the universe are not actively forming 
stars, i.e. th ey are qui escen t. Quiescent galaxies ex¬ 
ist at z ~ 4 dFontana et all [20091 1 and begin to dom- 
inate the massive galaxy population at z — 2 ~ 3 
(lllbert et al.ll2013tlMuzzin et al.ll2013i l. The massive qui¬ 


escent galaxies observed at z ~ 2 have effective radii 
that are on average sma ller than the local massive quies- 


cent 

galaxy population (Daddi et al.1 2005!: Truiillo et al. 

2007 

: Zirm et all 20071 iToft et al. 2007: Buitrago et al. 

2008 

; van Dokkum et al. 20Q8t Damjanov et al.1 20111; 

van der Wei et al. 2014J). It is not clear whether the 


observed average size growth of quiescent galaxies since 
z ~ 2 is due to the growth of individ ual galaxies (e.g., 
iCimatti et al.ll2008t ITavlor et al.ll20ldh or to the addition 
of larger galaxies to the quiescent galaxy population at 
later times ('e.g.. lYalentinuzzi et alJl2010t iCassata et al.1 
l2t)T~il 120131: fCarollo et al .11201 311 . 

Several theoretical scenarios have been proposed to ex¬ 
plain the origin and evolution of massive compact quies¬ 
cent (MCQ) galaxies. Compact gal axies may form at z > 
2 from gas-rich major mergers dKhochfar fe Silk] |2006f) 
and/or instabilities in clum py disks dElmegreen et al l 
120081: iDekel fc Burkerd 120141 ). At la te times they may 
also form from tidal interactions (B ekki et al.1 120011 : 
iChilingarian et aLll2009H . They can grow in size through 
minor mergers and accretion (Iv an der Wei et al. 1120091 
Naab et all 20091 iShih fe Stocktoul 1201 It INewman et al l 
20121: and/or feedback driven adiabatic expansion 


( Fan et al. : ! 1 2008 , l2010f h These growth mechanisms are 
evoked to account for both the larger average size of qui¬ 
escent galaxies today as compared to z ~ 2 and the pu¬ 
tative dearth of MCQ galaxies in the local universe. 

The number density of MCQ galaxies in the local uni¬ 
verse probed by Sloan Digital Sky Survey (SDSS) is ap¬ 
parently 2-3 orders of magnitude smalle r than at z ~ 1—2 
(iTruiillo et al.ll2009l : ITavlor et al .11 20101') . These estimates 
are consistent with an evolutionary scenario where MCQ 
galaxies form at high redshift and the number density 
rapidly declines as they grow in size since z ~ 1 (e.g. 
Ivan Dokkum et all 120101 : INewman et all 120121 ) . How¬ 
ever, number density estimates of MCQ galaxies in dense 
regions in the local universe (|Valentinuzzi et all 120101 : 
iPoggianti et al.l I2013T) and some studies at intermedi- 
ate redshifts ( Carollo et alJl20l5 iDamianov et al.ir20l4 
Damjanov et al. 2015, submitted, hereafter Paper I) find 
no rapid decline. Instead, these studies show that the 
number density of MCQ galaxies remains roughly con¬ 
stant since 2 ~ 1. Thus, MCQ galaxies may not sig¬ 
nificantly grow in size since z < 1 or they may be pro¬ 
duced at a rate that compensates for their growth. The 
relation between structural and kinematic properties of 
MCQ galaxies may provide important clues for under¬ 
standing their origin and evolution. Here we examine 
the fundamental plane, i.e. the relation between surface 
brightness, central velocity dispersion and effective ra¬ 
dius, for a sample of MCQ galaxies at 0.2 < z < 0.8. 

Galaxies in virial equilibrium show a relation 
between luminosity , size and velocity dispersion . 
iDiorsfovski fc Davlsf (|1987H and iDressler et, al.1 (|1987l l 
first demonstrated that quiescent galaxies in the lo- 
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cal universe exhibit a tight correlation between surface 
brightness, effective radius and velocity dispersion—the 
fundamental plane (FP). The scatter in the FP is smal l 
(~ 0.05 dex; iBernardi et al.1 [20031 : iSaulder et al.l 120131) 
and the FP appears to ex tend across all early-typ e galax¬ 
ies in the local universe rtMisgeld fc Hilkcr 2011). 

The physical basis of the FP is the virial equilibrium 
of stellar systems dynamically supported by random mo¬ 
tions. The observed properties of surface brightness, ef¬ 
fective radius and velocity dispersion serve as proxies for 
the virial mass density, virial radius and virial velocity, 
respectively. As such, the FP is tilted relative t o the ex¬ 
pected virial relation (e.g. . IBer nardi et al. I200 3f) and the 
FP evolves with redshift ([TreujeWdJ 2005 1 _ Holdenet_aL| 
2010 1: ISaglia et alJlMol: [Fernandez Lorenzo et ah 1 120111 : 


van de Sande et al.1 12014 1. Some of the evolution ob¬ 
served in the FP may possibly be attributed to evo¬ 
lution in the ratio between stellar and dynamica l 
mass dBeifiori et al.l[20T5 iPeralta de Arriba et al.|[2014D . 
though this is not the dominant effect. 

We examine the fundamental plane for massive com¬ 
pact quiescent galaxies at z < 1. In Section 2 we de¬ 
scribe the data and methods and Section 3 contains the 
results. We discuss the results in Section 4 and we con¬ 
clude in Section 5. We adopt the standard cosmology 
(H 0 ,n m ,n A ) = (70 km s " 1 Mpc -1 , 0.3, 0.7), AB mag¬ 
nitudes and a iCliabrierl (1200311 IMF. 

2. DATA AND METHODS 
2 . 1 . Data Selection 

We examine g al axies in the 1.6 deg 2 COSMOS 
field dScoville et al.l I2007D . All galaxies that we se¬ 
lect in the COSMOS field have HST ACS imaging 
(jKoekem oer et al. l 120071) U V to IR multi-band pho¬ 
tometry (jllbert et al.ll2013l and references therein) and 
SDSS/BOSS spectroscopy to the SDSS and BOSS sur¬ 
vey magni tude l i mits of r < 17.77 and i < 19.9, re¬ 
spectively (lAlm et al.l 12014T) We cross reference objects 
that have str uctural p ar ameter s given in the morphology 
catalog of lSargent, et al.l (2007)0, multi-band photometry 
from the catalog of lllbert et al.l (|2013TF1 and SDSS/BOSS 
spectroscopy by position matching objects within a 0.5 
arcsecond radius. We select galaxies in the intermediate 
redshift ran ge 0.2 < z < 0.8 classified as quiescent by 
lllbert et alJ ( 201 3) based on a rest-frame color-color se¬ 
lection (NUV — r versus r — J). These selection criteria 
yield a sample of 161 galaxies. 

We require robust measurements of velocity disper¬ 
sions in order to derive the FP. From the cross-matched 
sample of 161 galaxies, we select galaxies with velocity 
dispersions > 70 km s ^ 1 and velocity dispersion errors 
< 100 km s _1 . From examination of the spectra, we 
find that two galaxies in the sample have strong emis¬ 
sion lines. Both galaxies exhibit em ission line ratios con¬ 
sistent with active galactic nucl ei ([Bald win et all 119811 : 
iKauffmann et al.l 120031 : iKewlev et al.1 120061 ). We remove 
these two galaxies from the sample. The final sample 
from which we derive the FP consists of 148 galaxies. 
We refer to this sample as the COSMOS sample. 


1 http://irsa.ipac.caltech.edu/data/COSMOS/tables/morphology 
/ cosmos_morph_zur ich_l. 0. t bl 

2 http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A 

/556/A55 


In Section 2.3 we investigate sample selection bias. The 
most restrictive selection is imposed by the SDSS/BOSS 
spectroscopic target selection. To assess the effects of 
this selection, we compare the COSMOS sample of 148 
galaxies with a sample of quiescent galaxies in the COS¬ 
MOS field with measured spectros copic redslri fts com¬ 
piled from publicly available data dDavies et al.l [2015). 
We restrict the comparison sample to galaxies with HST 
size measurements, stellar masses > 10 10 Mq and red- 
shifts in the range of 0.2 < z < 0.8. This larger sample 
consists of 2970 galaxies. 

2 . 2 . Measured Properties 

The SDSS team d erives re ds hifts a nd velocity disper¬ 
sions according to lBolton et all (120121) . Redshifts are de¬ 
termined from fitting template spectra at a range of trial 
redshifts. The central velocity dispersion is determined 
by comparing the observed spectra with model spectra 
which are redshifted to the galaxy redshift and convolved 
to the instrument resolution. Each model spectra is suc¬ 
cessively broadened to larger velocity dispersions in steps 
of 25 km s -1 . The best-fit velocity dispersion is deter¬ 
mined by fitting for the velocity dispersion at the mini¬ 
mum chi-squared based on the measured chi-squared val¬ 
ues at each 25 km s -1 broadening step. 

We correct the velocity dispersion measured in the 2” 
(BOSS) and 3” (SPSS ) apertures to the mea sured ef¬ 
fective radius using the I Jorgensen et al.l (11995L see their 
Equation 2) correction. The median correction applied 
to the sample is ~0.04 dex. The typical error in the ve¬ 
locity dispersion for the COSMOS sample is ~ 30 km 
s -1 . Figure [lj\ and [TJ3 show the redshift and corrected 
velocity dispersion distribution, respectively. 

To constrain the stellar population age, we measure 
the _D„4000 index directly from the SDSS spectra. The 
D n 4000 index is an age sensitive spectral feature defined 
as the ratio of flux in two spectral windows adjacent to 
the 4000A break (for definition see iBalogh et al.lll999i) . 

The effective radii of galaxies in the CO SM OS samp le 
are measured from HST ACS imaging bv I Sargent et al.1 
(|2007f ). The < 0.1” HST resolution cor resp onds to a 
physic al length of < 0.7 kpc at z ~ 0.75. IS argent et al.l 
(2007) fit ea ch surface brightness profile with a single 
Sersid (|1968l) profile model using GIM2D dSimard et all 
20021 ). The formal uncertainty on size is typically < 0.005 
dex. Because these errors are small, we ignore the un¬ 
certainty in size. We correct the measured semi-major 
half-light radius to the circularized averaged half-light 
(effective) radius given by 



where 050 is the semi-major half-lig ht radius and ^ is 
the se mi minor-to-major axis ratio. Ivan der Wei et ahl 
(2014) find that galaxy sizes depend on the wavelength 
of observation. In order to compare with the local g-band 
FP, we correct the galaxy sizes to the rest-frame c/-band 
effective wavelength (A = 4686 A:IStoughton et al.i r2002). 
using the correction given by Ivan der Wei et all (|2014 
see their Equation 2). The circularized and color cor¬ 
rected radius is typically ~ 0.04 dex smaller on average 
than the measured semi-major effective radius. This cor¬ 
rection does not change any of the major conclusions of 
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Redshift a [km s '] R e [kpc] log(/ e9 ) [L 0 pc 2 ] 


Fig. 1.— (A) Redshift, (B) velocity dispersion, (C) circularized half-light radius and (D) surface brightness distribution of the 148 galaxies 
in the COSMOS sample. 


this work. In Figure QJ3 we show the corrected effective 
radius distribution for the COSMOS sample. 

We determine the surface brightness in the SDSS 
rest-frame g, r, i, z —bands by synthesizing photometry in 
these bands from the measured multi-band UV to IR 
SED. We determine k-corrected and reddening corrected 
magn itudes by fitting stellar p opulation synthesis mod¬ 
els of lBruzual fc Chariot , ([2003 fl to the observed spectral 
energy distribution using the LePHARhQ code wr itten 
by Arnout S. fe Ilbert O. (for details see lArnouts et alJ 
U99flt lllbert rt~afll200fil( . 

The surface brightness in mag arcsec -2 is 

He = m + 5 log(r e ) + 2.5 log(27r) - 10 log(l + z), (2) 


where m is the reddening and k-corrected magnitude, r e 
is the radius measured in arcseconds and the final term is 
the cosmological surface brightness dimming correction. 
We convert the surface brightness to I e , measured in L 0 
pc -2 using 


log 



(m q + 21.572 


Me 


mag arcsec 


(3) 


where M 0 = 5.110 is the g —band solar absolute magni¬ 
tude. The stellar mass in LePHARE represents the scale 
factor between the best-fit SED and the observed lumi¬ 
nosity; the error estimate accounts for observational and 
some systematic uncertainties associated with the SED 
fitting procedure. The typical observational uncertainty 
on stellar masses is < 0.1 dex, though the sys tematic er¬ 
rors may be larger ('e.g. lConrov fc Gunnll2010lf . We adopt 
0.1 dex as the error estimate on surface brightness. In 
Figure [lp we show the surface brightness distribution 
of the COSMOS sample. The results are independent 
of the photometric band. For ease of comparison with 
previous results, the analysis and results are based on 
the rest-frame g —band surface brightness. We give the 
measured and derived sample properties in Table [1] 

For the local benchma rk, we compare wi t h the orthog- 
onal fit FP derived by iHvde fc Bernardil (120091 HB09 


3 http://www.cfht.hawaii.edu/~arnouts/LEPHARE/lephare.html 

4 http://classic.sdss.org/dr5/algorithms/sdssUBVRITransform.html 


hereafter) using ~ 50,000 galaxies in the SDSS. We an¬ 
ticipate that some of the evolution i n the F P is due to 
passive evolution of galaxies (e.g JTreu et al.ll2005lf so we 
rewrite the HB09 FP in terms of surface brightness 

log (J e , ff ) = Alog(cr e ) + B\og(R e ) + C. (4) 

Here, a e and R e are measured in km s -1 and kpc, respec¬ 
tively. We convert the FP parameters from HB09 into 
surface brightness units of L 0 pc -2 . The best-fit param¬ 
eters for the local g —band FP are A = 1.84, B = 1.31 
and C = 0.96. 

There is no single definition for co mpact galaxie s. We 
identify galaxies as compact using the lBarro et all (12013(1 
classification: 

l°g (Jfns'j - 10 - 3 M © kpc -1 - 5 . (5) 

Here, M* is the stellar mass in solar mass units. We 
adopt the stellar mass estimate given in the lllbert et all 
(|2013H catalog. Using this definition, 57% (85/148) of 
the galaxies in Table [T] are compact. 

2.3. Sample Bias 

Figure [2j\ shows the surface brightness distribution 
as a function of size for the COSMOS sample (blue 
stars) relative to a similarly selected comparison sample 
(black points; see Section 2.1 for details of sample selec¬ 
tion). The COSMOS sample is biased towards the largest 
galaxies and at a fixed size the selected sample populates 
the high surface brightness envelope of the full sample 
distribution. Figures [2)3 and [2)3 show the absolute 51 - 
band magnitude and size as a function of redshift, re¬ 
spectively. The brightest and largest objects are selected 
across the redshift range. The COSMOS sample is sub¬ 
ject to the SDSS/BOSS target selection and the limits of 
SDSS/BOSS spectroscopy; the SDSS/BOSS target selec¬ 
tion criteria lead to a selection bias towards high surface 
brightness galaxies. Furthermore, as expected, Figure 
m shows that increasingly brighter galaxies are selected 
with increasing redshift. Because of the SDSS/BOSS tar¬ 
get selection, the galaxies in the COSMOS sample are 
drawn from the massive, high surface brightness tail of 
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Fig. 2.— (A) Surface brightness as a function of size, (B) absolute g-band magnitude as a function of redshift and (C) size as a function 
of redshift. The blue stars and black points are the 148 galaxies in the COSMOS sample and the comparison sample of quiescent galaxies, 
respectively (see Section 2.1). 
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Fig. 3.— Fundamental plane for the COSMOS sample. The solid 
line is the HB09 relation; the dashed line is the best fit FP for the 
COSMOS sample. The red points are compact galaxies. 

the quiescent galaxy distribution. The selection bias re¬ 
sults in a large fraction of compact galaxies in the COS¬ 
MOS sample. 

3. RESULTS 

3.1. The Fundamental Plane 

Figure [3] shows the relation between velocity disper¬ 
sion, effective radius and surface brightness for the 148 
galaxies in the COSMOS sample. The red points indicate 
compact galaxies (see Equation [5]). The compact galax¬ 
ies in the sample typically have higher surface brightness, 
higher velocity dispersion and smaller size. Thus, they 
populate the upper right hand part of the figure. The 


solid line is the local relation from HB09. 

The data show a clear offset from the local relation; for 
a given velocity dispersion and effective radius, galaxies 
in the COSMOS sample are brighter than local galaxies. 
The dashed line is a fit to the data (Equation U). The fit 
is an orthogonal regression implemented in the sixlin.pro 
IDL routine in the astronomy users library. The best-fit 
parameters are A = 2.09 ± 0.12, B = —1.49 ± 0.09 and 
C = —1.19 ± 0.07. The errors are based only on the dis¬ 
persion of the data and do not account for observational 
uncertainties. 

3.2. Quiescent Evolution 

Here we demonstrate that the surface brightness offsets 
of COSMOS galaxies relative to the local galaxy popu¬ 
lation (Figure (H) can be explained by simple quiescent 
evolution. We define the surface brightness offsets as the 
difference between the observed galaxy surface bright¬ 
ness of the COSMOS sample and the surface brightness 
calculated from the best-fit local FP: 

Alog(7 e ,g) = log(/ e ,m) [Alog(cr e m ) + Hlog(i? ejm ) + C\. 

( 6 ) 

Here, / ejm , <J e ,m and R e ,m are the measured surface 
brightness, velocity dispersion and effective radius for the 
COSMOS sample and A, B and C are best-fit local FP 
parameters taken from HB09 (see Section 2). 

A rank correlation shows that the FP offsets, 
Alog(/ ei3 ), are correlated with redshift (6.8cr signifi¬ 
cance), the rest-frame g—z coloiQ (6.5er significance), and 
D n 4000 index (3.4er significance). Bluer galaxies with 
smaller D„4000 indices have larger surface brightness off¬ 
sets. Both the rest-frame g — z color and the £>„4000 
index are also correlated with redshift; galaxies at higher 
redshifts are bluer and have smaller D n 4000 index. These 
trends are consistent with the simple interpretation that 
at a fixed combination of velocity dispersion and size, 
the higher redshift galaxies in the COSMOS sample are 
younger and therefore brighter and bluer than their local 
counterparts. The SDSS/BOSS target selection partly 

5 The offsets are strongly correlated with other rest-frame colors 
(i.e. g — r, g — i and r — i) in the same sense; bluer galaxies show 
larger offsets. 
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Fig. 4.— (A) Rest-frame g — z color, (B) D n 4000 index and (C) FP offsets for the COSMOS sample as a function redshift. The black 
points and red stars are the individual galaxies in the COSMOS sample and the red stars denote compact galaxies. The orange points are 
the median (A) rest-frame g — z color, (B) D n 4000 index and (C) FP offsets in 10 equally populated bins of redshift. The errors bars are 
bootstrapped. The dashed blue curves show a model of a passively evolving galaxy where star formation began at 2 ~ 1.7 and ceased at 
z ~ 1.3. The solid orange line in (C) is a linear fit to the binned data. 



Fig. 5.- — Zero redshift fundamental plane accounting for qui¬ 
escent evolution of the COSMOS sample. The solid line is the 
local fundamental plane relation from HB09. The red points are 
compact galaxies. 

contributes to these trends (see Section 2.3) Thus mere 
quiescent evolution contributes to the observed offset be¬ 
tween the COSMOS sample and the local FP. 

The luminosity of a quiescent galaxy decreases as it 
passively evolves. To quantify this effect, we model 
a passively evolving galaxy using the Flexi ble Stellar 
Population Synthesis ( FSPS) model dConrov et al.ll200ll 
iConrov k, Gunnll2010f) . FSPS generates both synthetic 
photometry and spectra as a function of time for an in¬ 
put star formation and metallicity history. We model 


both the g —band luminosity and the rest-frame g — z 
color of a passively evolving galaxy based on synthetic 
magnitudes matched to the SDSS filters. We calculate 
the D n 4000 index directly from the synthetic spectra 
which have spectral resolution comparable to the SDSS. 
We model a galaxy with constant star formation rate of 
~ 400 Mq yr -1 for 1 Gyr at solar metallicity. The star 
formation rate is set to match the median stellar mass 
of the COSMOS sample. For a constant metallicity and 
constant and continuous star formation history, evolu¬ 
tion of the g — z color, Z)„4000 index and the relative 
evolution of the luminosity only depend on the duration 
of star formation. We tried star formation histories that 
spanned 0.5 - 2 Gyr in duration with similar results. The 
only free parameter in the model is the formation red¬ 
shift. 

We constrain the formation redshift of the model 
galaxy by fitting the median rest-frame g — z color and 
D n 4000 index distribution of the COSMOS sample. Fig¬ 
ures m and SB show the rest-franre g — z color and 
D ra 4000 index as a function of redshift, respectively. In 
each panel the black points and red stars are the respec¬ 
tive properties of individual galaxies in the COSMOS 
sample. The orange points are the median of the respec¬ 
tive properties in 10 equally populated bins of redshift 
and the errors are bootstrapped. The dashed blue curves 
show the FSPS model. The rest-frame g — z color and 
Z? n 4000 index distributions of the COSMOS sample are 
broadly consistent with a passively evolving galaxy which 
began star formation at z ~ 1.7 and ceased star forma¬ 
tion at 2 ~ 1.3. This redshift interval corresponds to 1 
Gyr. 

Figure HP shows the FP offsets, Alog(/ ejS ), as a func¬ 
tion of redshift. The black points and red stars are FP 
offsets for individual galaxies in the COSMOS sample 
and the orange points are the median of the FP offsets 
in 10 equally populated bins of redshift. The errors are 
bootstrapped. The solid orange line is a fit to the median 
data: 

Alog (I e<g ) = (-0.071 ± 0.049) + (0.67 ± 0.12)2. (7) 
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The bootstrapped errors on the median are propagated 
through to the fit parameters. We refer to this rela¬ 
tion as the luminosity evolution correction. The dashed 
blue curve is the g— band luminosity of the FSPS model 
galaxy normalized to the median a —band luminosity of 
the COSMOS sample L g ~ 10 10 '®Lq. The FP offsets 
plotted in Figure 0P are relative to the local relation. 
The consistency between the change in luminosity of a 
passively evolving galaxy and the FP offsets means that 
passive luminosity evolution alone accounts for the offset 
between the FP we derive from the COSMOS data and 
the local FP from HB09 (dashed and solid line in Figure 
01 respectively). 

To demonstrate that passive evolution alone is suffi¬ 
cient to explain the offset of the COSMOS sample from 
the local FP, we apply the luminosity evolution correc¬ 
tion given by Equation[7]to the data. We emphasize that 
this evolution correction is consistent with the luminos¬ 
ity evolution of a passively evolving galaxy which ceased 
star-formation at z ~ 1.3 (see Figure0P). Figure [5] shows 
the FP for the COSMOS sample brought to z = 0 by ac¬ 
counting for the quiescent luminosity evolution shown in 
Figure 01 The scatter of the data in Figured] is ~ 0.15 
dex. Based on the observational uncertainties in velocity 
dispersion (~ 0.07 dex) and luminosity (~ 0.1 dex) the 
intrinsic scatter is < 0.1 dex. The luminosity corrected 
data are consistent with the local FP. Passive evolution 
of galaxies in the COSMOS sample is sufficient to place 
them on the local FP by z ~ 0. 

4. DISCUSSION 

We examine the FP for a sample of galaxies spanning 
the redshift range of 0.2 < 2 < 0.8. Due to the strong 
selection bias towards high surface brightness objects, 
MCQ galaxies comprise a large fraction of the COSMOS 
sample we examine. Passive evolution alone brings the 
COSMOS sample onto the local FP by z = 0. The phys¬ 
ical basis of the fundamental plane is the virial equilib¬ 
rium of quiescent galaxies. Thus we conclude that MCQ 
galaxies are virialized systems. 

Several studies examining the FP at intermediate and 
high redshifts have recognized the importa nce of evo¬ 
lution of stellar populations. iTreu et abl (l2005h report 
that offsets from the fundamental plane for galaxies in 
the redshift range of 0.2 < z < 1.2 are anti-correlated 
with stellar mass; lower mass galaxies have larger offsets. 
They attribute these trends to downsizing. Lower mass 
galaxies are younger and therefore have smaller rnass- 
to-light (M/L) ratios. To account for evolution o f stel¬ 
lar po pulations and varying M/L ratios, Bczanso n et al.1 
(12013H derive the “mass” FP substituting stellar mass 
surface density for surface brightness. In contrast to 
the observed offsets in the FP, they find very small off¬ 
set b etween the mass F P at z ~ 2 and the local rela¬ 
tion. Ivan de Sande et abl (I2014D quantify the evolution 
of the zero-point of the FP out to z ~ 2. They find that 
Alog(M/L s ) oc (—0.49 ± 0.03)z. 

We conclude that the FP offsets are due to the evo¬ 
lution of stellar populations. In particular, we find 
that passive evolution alone can bring galaxies in the 
COSMOS sample onto the local FP relation. Thus, 
Alog (I e ,g) = —Alog (M/L g ). Based on comparisons of 
our data with stellar population synthesis models, we de¬ 
termine that Alog(/ e , fl ) oc (0.69 ± 0.12)z (see Equation 


CD- The evolution we measure is consistent (1.5 a) with 
evolution reported bv lvan de Sande et all (12014 also see 
references therein). We note however that both studies 
are biased towards bluer objects and therefore the re¬ 
ported evolution may not be representative of the quies¬ 
cent galaxy population. In general, our results are qual¬ 
itatively consistent with previous studies examining the 
evolution of the FP. The novel aspect of this work is 
that it demonstrates that MCQ galaxies follow the same 
evolutionary trends as the general quiescent galaxy pop¬ 
ulation. 

Due to the SDSS/BOSS target selection, COSMOS 
galaxies examined in this study are outliers in the re¬ 
lation between stellar mass and size. Bowever, the stel¬ 
lar population and kinematics of MCQ galaxies in the 
COSMOS sample are consistent with the local quiescent 
galaxy population. Thus, we conclude that MCQ galax¬ 
ies at 0.2 < z < 0.8 represent the extreme of the mass and 
size distribution of normal quiescent galax ies (see F igure 
H and are not a unique class of objects. iSaulder et al.1 
( 2015fl reach similar conclusions based on a larger sample 
culled from the literature. 

Recent cosmological hydrodynamical simulations sug¬ 
gest that compact galaxies at z ~ 2 do not form 
from unique physical mechanisms but rather are sub- 
j ect to t h e same f ormation processes as other galaxies 
(|Wellons et alJl2014f) . Thus, both the origin and evolu¬ 
tion of MCQ galaxies appear to be consistent with the 
conclusion that compact galaxies are the tail of the nor¬ 
mal galaxy distribution. 

If MCQ galaxies at z < 1 passively evolve with lit¬ 
tle or no size growth, their descendants should be iden¬ 
tifiable among the local galaxy population. Bowever, 
the number density evolution of compact galaxies since 
z ~ 1 remains unsettled. Several studies based on 
the SDSS claim that the number density of compact 
galaxies drops dramatically in the l ocal universe (e.g . 
Shen et al.1120031 iTruiillo et al.ll2009t iTavlor et al.1 1201 (I 

Cassat a et al. iimr This has lead to the suggestion 

that they grow significantly since z ~ 1 — 2. If this is the 
case, the small scatter in the FP at z < 1 means that 
any growth mechanism ostensibly moves galaxies along, 
not off, the FP. Additionally, if galaxies do grow in size, 
the results of this study provide empirical constraints for 
theoretical analysis of galaxy growth (see for example 
iBookins et al.112010 ). Bowever, it is possible that com¬ 
pact galaxies today are preferentially found in environ¬ 
ments, that are incompletely sampled by the SDSS (see 
ITavlor et al.ll2010h . Thus their number densities may be 
systematically underestimated in the local universe. 

In contrast to studies reporting a rapid decline in the 
number density of compact galaxies at z < 1, several 
studies find th at the number density r emains roughly 
constant le.sr.. iValentinuzzi et a,l.ll2010t iPoggianti et al.1 
120131 ICarollo et all 120131 : iDamianov et al.l I2014T) . The 
results of our companion paper (Paper I) are consistent 
with this conclusion. In this case, either galaxies do not 
grow in size or compact galaxies are produced at a rate 
that com pensat es for their growth. 

ICarollo et all (|2013f l conclude that evolution in the 
mass-size relation is dominated by newly formed quies¬ 
cent galaxies, i.e. progenitor bias. They argue that a sce¬ 
nario where individual galaxies grow and new compact 
galaxies form at z < 1 is inconsistent with the fact that 
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Redshift 


Fig. 6. — Rest-frame g — z color as a function of redshift for the 
COSMOS sample (blue stars) and the comparison sample (black 
points). The blue and orange points are the median rest-frame g—z 
color in equally populated bins of redshift and the blue and orange 
lines are fits to the median color for the COSMOS sample and the 
comparison sample, respectively. The error bars are bootstrapped. 

compact galaxies are systematically redder at lower red- 
shifts suggesting that the population is aging over time 
and that the normal quiescent galaxy population is bluer 
than compact galaxies indicating that the regular pop¬ 
ulation has more recently shutdown star formation as 
compared to the compact population. 

Figure [6] compares the rest-frame g — z color of the 
selected COSMOS sample, dominated by MCQ galax¬ 
ies, with the comparison COSMOS sample (see Section 
2.1 for sample description). The data are br oadl y con - 
sistent with the interpretation of iCarollo et al.l ( 2013 ). 
MCQ galaxies are redder at late times and redder than 
the normal quiescent galaxy population. However, we 
note that the scatter in the rest-frame g — z color and 
D ra 4000 index is large; there are galaxies in the selected 
COSMOS sample that have colors and D n 4000 indices 
consistent with younger stellar populations. A combina¬ 
tion of progenitor bias and individual galaxy growth may 
be the basis for the evolution of the mass-size relation. 
Moreover, given the strong selection bias in the selected 
COSMOS sample, we probe only the extreme end of the 
mass distribution. Spectroscopically complete samples 
at z < 1 will provide important constraints for the role 
of progenitor bias and individual galaxy growth in the 
evolution of the mass-size relation. 

Comparison of the COSMOS sample with a model of 
a passively evolving galaxy shows that, on average, the 
data are consistent with a galaxy which formed stars 
from z ~ 1.7 to z ~ 1.3. However, we emphasize the 
galaxies in the COSMOS sample span a broad range 
of ages and star formation histories contributing to the 
large scatter in the rest-frame g — z color and D„4000 
index (Figure 04 and 0J3, respectively). The best-fit 
z = 1.7 formation redshift is the average formation red¬ 
shift of the sample. 


Figure [5] shows that once we apply the evolutionary 
correction to luminosity given by Equation [71 the FP we 
derive from the COSMOS sample is consistent with the 
local relation. However, we have applied only an average 
correction for evolution which does not account for stellar 
population variations amongst galaxies at any particular 
redshift and the scatter in Figure Q] highlights the fact 
that quiescent galaxies are a heterogenous population. 
The selection bias of our sample complicates the analy¬ 
sis of any residual offsets between our evolved sample and 
the local FP (Figure 0. A complete spectroscopic sam¬ 
ple combined with sophisticated modeling of individual 
galaxies will allow for more robust and detailed kinematic 
studies. 

5. SUMMARY AND CONCLUSIONS 

We examine the relation between surface brightness, 
velocity dispersion and size—the fundamental plane—for 
a sample of massive compact quiescent galaxies in the 
COSMOS field spanning the redshift range of 0.2 < z < 

O. 8. Based on analysis of this COSMOS sample, we show 
that: 

• Massive compact galaxies at z < 1 populate a tight 
fundamental plane relation similar to the general 
population of quiescent galaxies in the local uni¬ 
verse. This reflects the fact that massive compact 
galaxies are in virial equilibrium. 

• We compare the COSMOS sample to a model of 
a passively evolving galaxy. The average proper¬ 
ties of the COSMOS sample are consistent with a 
galaxy which started star formation at z ~ 1.7 and 
ceased star formation at 2 ~ 1.3. Accounting for 
passive evolution of the surface brightness brings 
the COSMOS sample onto the z = 0 fundamental 
plane. 

• The data suggest that massive compact quiescent 
galaxies at z < 1 are not a special class of objects; 
they are the high mass, high surface brightness tail 
of the normal quiescent galaxy population. 

In Paper I we show that the number density of com¬ 
pact galaxies remains constant for z < 1. This study 
(Paper II) concludes that the compact galaxy popula¬ 
tion is the tail of the normal galaxy population. These 
studies taken together demonstrate the potential of com¬ 
bining abundance, structural and kinematic analyses for 
investigating the origin and evolution of the quiescent 
galaxy population. 
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TABLE 1 

Sample Properties 


Redshift 

a 

[km s -1 ] 

Re 

[kpc] 

[L© pc“ 2 ] 

log(Af«) 

Wq] 

{Q z)rest 

D n 4000 

0.218 

199 

6.83 

2.35 

11.25 

1.42 

1.86 

0.310 

170 

9.09 

2.12 

11.45 

1.74 

1.68 

0.346 

290 

16.00 

1.96 

11.68 

1.47 

1.73 

0.219 

305 

4.90 

2.76 

11.41 

1.47 

1.77 

0.349 

254 

6.24 

2.55 

11.40 

1.44 

1.67 

0.349 

290 

2.83 

3.16 

11.25 

1.47 

1.72 

0.345 

359 

7.22 

2.40 

11.65 

1.64 

1.67 

0.376 

221 

7.11 

2.50 

11.45 

1.43 

1.80 

0.228 

233 

6.48 

2.50 

11.42 

1.43 

1.86 

0.359 

360 

7.82 

2.40 

11.51 

1.49 

1.75 

0.220 

196 

3.99 

2.92 

11.30 

1.39 

1.78 

0.222 

223 

4.15 

2.70 

11.20 

1.52 

1.73 

0.349 

269 

7.53 

2.54 

11.53 

1.44 

1.75 

0.347 

304 

3.78 

2.95 

11.35 

1.50 

1.94 

0.347 

252 

6.86 

2.52 

11.67 

1.59 

1.74 

0.364 

230 

5.67 

2.67 

11.46 

1.39 

1.64 

0.696 

300 

3.87 

3.22 

11.45 

1.28 

1.68 

0.363 

319 

2.82 

3.13 

11.21 

1.43 

1.74 

0.308 

233 

8.03 

2.29 

11.39 

1.46 

1.86 

0.415 

222 

6.71 

2.55 

11.51 

1.39 

1.82 

0.578 

254 

3.71 

3.15 

11.60 

1.44 

1.85 

0.555 

195 

4.60 

2.89 

11.46 

1.31 

1.61 

0.436 

251 

6.41 

2.65 

11.50 

1.31 

1.65 

0.322 

211 

3.27 

3.01 

11.10 

1.43 

1.83 

0.348 

249 

4.57 

2.66 

11.14 

1.41 

1.77 

0.515 

306 

2.74 

3.39 

11.50 

1.37 

1.68 

0.680 

405 

3.28 

3.32 

11.05 

1.12 

1.69 

0.697 

259 

2.84 

3.50 

11.50 

1.16 

1.47 

0.530 

261 

4.85 

2.82 

11.45 

1.40 

1.83 

0.525 

148 

6.87 

2.53 

11.39 

1.26 

1.90 

0.670 

107 

3.17 

3.38 

11.24 

1.17 

1.53 

0.527 

310 

4.94 

2.74 

11.40 

1.34 

1.89 

0.218 

141 

2.75 

2.75 

10.70 

1.26 

1.36 

0.361 

277 

4.38 

2.71 

11.30 

1.50 

1.85 

0.667 

316 

6.07 

2.66 

11.10 

1.19 

1.52 

0.520 

173 

3.21 

3.00 

11.05 

1.26 

1.68 

0.623 

368 

3.13 

3.43 

11.55 

1.31 

1.81 

0.561 

218 

3.82 

3.23 

11.19 

1.14 

1.55 

0.528 

288 

7.95 

2.62 

11.70 

1.35 

1.73 

0.361 

235 

3.91 

2.78 

11.30 

1.54 

1.64 

0.360 

234 

3.69 

2.94 

11.30 

1.37 

1.65 

0.352 

344 

4.30 

2.64 

11.24 

1.64 

1.79 

0.220 

267 

4.21 

2.78 

11.30 

1.43 

1.75 

0.528 

269 

9.05 

2.39 

11.40 

1.23 

1.59 

0.425 

236 

3.82 

2.76 

11.20 

1.37 

1.56 

0.348 

297 

5.05 

2.65 

11.45 

1.48 

1.79 

0.265 

225 

4.98 

2.68 

11.35 

1.51 

1.68 

0.425 

253 

9.81 

2.29 

11.55 

1.40 

1.83 

0.531 

84 

3.83 

2.79 

11.21 

1.36 

1.75 

0.746 

255 

7.99 

2.85 

11.75 

1.30 

1.51 

0.350 

295 

4.01 

2.76 

11.38 

1.53 

1.74 

0.528 

227 

5.58 

2.68 

11.45 

1.36 

1.75 

0.662 

328 

3.89 

3.12 

11.25 

1.27 

1.55 

0.526 

123 

5.54 

2.56 

11.16 

1.26 

1.65 

0.467 

265 

4.22 

2.94 

11.44 

1.29 

1.79 

0.467 

292 

6.49 

2.71 

11.55 

1.51 

1.79 

0.631 

322 

1.18 

4.23 

11.60 

1.39 

1.65 

0.532 

186 

3.33 

3.12 

11.33 

1.25 

1.74 

0.516 

138 

4.39 

2.85 

11.26 

1.29 

1.59 

0.362 

218 

3.01 

3.05 

11.20 

1.41 

1.66 

0.502 

299 

6.46 

2.85 

11.67 

1.31 

1.76 

0.569 

301 

6.62 

2.75 

11.60 

1.37 

1.50 

0.595 

262 

3.26 

3.23 

11.41 

1.39 

1.49 

0.530 

199 

4.04 

2.87 

11.29 

1.33 

1.67 

0.535 

186 

11.03 

2.14 

11.45 

1.51 

1.49 

0.536 

191 

5.11 

2.74 

11.40 

1.34 

1.72 

0.378 

207 

2.19 

3.06 

11.05 

1.49 

1.62 

0.482 

130 

3.20 

2.89 

10.93 

1.32 

1.46 

0.412 

259 

4.46 

2.62 

11.20 

1.35 

1.70 

0.487 

207 

10.28 

2.07 

11.20 

1.31 

1.61 

0.393 

254 

1.52 

3.28 

10.67 

1.39 

1.83 

0.492 

269 

5.89 

2.66 

11.54 

1.37 

1.66 

0.270 

144 

4.19 

2.34 

10.57 

1.34 

1.93 

0.477 

219 

7.37 

2.42 

11.43 

1.32 

1.62 
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TABLE 1 — Continued 


Redshift 

cr 

[km s -1 ] 

Re 

[kpc] 

!°g (h,g) 
[Lq pc" 2 ] 

log (M„) 
[Mq] 

{Q z)rest 

D n 4000 

0.492 

288 

5.63 

2.71 

11.37 

1.35 

1.77 

0.550 

272 

2.71 

3.41 

11.12 

1.20 

1.59 

0.351 

241 

6.42 

2.50 

11.15 

1.41 

1.68 

0.667 

286 

3.97 

3.04 

11.27 

1.28 

1.68 

0.502 

243 

13.38 

2.19 

11.65 

1.36 

1.77 

0.517 

283 

3.60 

2.99 

11.32 

1.38 

1.81 

0.517 

228 

3.14 

3.14 

11.38 

1.33 

1.67 

0.518 

191 

10.90 

2.02 

11.25 

1.28 

1.85 

0.267 

275 

4.71 

2.60 

11.32 

1.56 

1.80 

0.654 

358 

2.42 

3.46 

11.24 

1.24 

1.72 

0.463 

210 

3.89 

2.84 

11.24 

1.31 

1.59 

0.248 

207 

3.73 

2.92 

11.33 

1.42 

1.82 

0.619 

187 

5.08 

2.94 

11.05 

1.14 

1.66 

0.349 

309 

3.57 

3.12 

11.60 

1.42 

1.89 

0.673 

138 

6.48 

2.67 

11.26 

1.26 

1.67 

0.361 

254 

6.49 

2.25 

11.30 

1.65 

1.85 

0.608 

204 

5.03 

2.95 

11.62 

1.42 

1.60 

0.345 

286 

10.50 

2.30 

11.60 

1.42 

1.80 

0.310 

366 

4.86 

2.72 

11.48 

1.49 

1.75 

0.372 

242 

5.27 

2.69 

11.25 

1.49 

1.80 

0.220 

209 

8.95 

2.22 

10.95 

1.33 

1.44 

0.354 

258 

7.06 

2.49 

11.55 

1.54 

1.78 

0.349 

292 

8.98 

2.66 

11.85 

1.45 

1.69 

0.503 

156 

4.12 

3.15 

11.62 

1.34 

1.62 

0.340 

365 

4.02 

2.90 

11.39 

1.48 

1.69 

0.323 

395 

9.04 

2.51 

11.76 

1.52 

1.74 

0.221 

251 

8.83 

2.34 

11.50 

1.45 

1.79 

0.373 

193 

12.28 

2.18 

11.61 

1.46 

2.11 

0.372 

269 

5.46 

2.73 

11.45 

1.44 

2.14 

0.213 

174 

5.02 

2.49 

11.05 

1.32 

1.68 

0.326 

238 

3.31 

2.93 

11.05 

1.43 

1.65 

0.467 

309 

4.97 

2.88 

11.55 

1.48 

1.88 

0.494 

424 

2.59 

3.69 

11.75 

1.28 

1.65 

0.473 

251 

6.46 

2.57 

11.40 

1.38 

1.70 

0.726 

299 

6.61 

2.95 

11.82 

1.36 

1.65 

0.467 

304 

3.58 

3.03 

11.35 

1.34 

1.68 

0.608 

216 

3.32 

3.05 

11.16 

1.38 

1.69 

0.515 

198 

3.44 

3.08 

11.50 

1.39 

1.77 

0.439 

280 

4.76 

2.93 

11.59 

1.32 

1.65 

0.564 

250 

6.73 

2.62 

11.35 

1.36 

1.66 

0.221 

230 

3.59 

2.94 

11.40 

1.50 

1.78 

0.425 

182 

4.60 

2.50 

11.05 

1.36 

1.38 

0.374 

431 

2.90 

3.37 

11.47 

1.40 

1.71 

0.599 

334 

4.02 

3.17 

11.60 

1.33 

1.56 

0.347 

237 

7.45 

2.26 

11.04 

1.36 

1.75 

0.350 

254 

3.55 

2.80 

11.10 

1.44 

1.76 

0.349 

270 

3.42 

2.84 

11.08 

1.46 

1.76 

0.371 

257 

5.72 

2.66 

11.40 

1.40 

1.62 

0.345 

232 

7.69 

2.36 

11.37 

1.39 

1.73 

0.480 

222 

6.15 

2.64 

11.50 

1.37 

1.59 

0.360 

216 

3.09 

2.77 

11.07 

1.40 

1.81 

0.552 

288 

3.66 

3.09 

11.03 

1.10 

1.46 

0.674 

256 

5.53 

2.88 

11.50 

1.25 

1.55 

0.480 

142 

4.06 

2.72 

10.90 

1.32 

1.60 

0.482 

330 

6.94 

2.70 

11.70 

1.37 

1.75 

0.496 

289 

3.77 

3.24 

11.39 

1.30 

1.74 

0.373 

192 

7.37 

2.24 

11.25 

1.53 

1.53 

0.550 

261 

7.08 

2.73 

11.65 

1.46 

1.69 

0.510 

183 

3.47 

2.96 

11.07 

1.32 

1.84 

0.346 

238 

5.72 

2.51 

11.35 

1.47 

1.74 

0.491 

302 

4.71 

2.77 

11.40 

1.38 

1.62 

0.407 

255 

3.69 

2.63 

11.00 

1.35 

1.61 

0.534 

272 

4.80 

2.71 

11.15 

1.26 

1.38 

0.344 

265 

5.66 

2.52 

11.26 

1.48 

2.00 

0.247 

236 

6.02 

2.60 

11.30 

1.41 

1.46 

0.218 

226 

4.87 

2.50 

11.10 

1.59 

1.74 

0.504 

252 

6.91 

2.68 

11.60 

1.41 

1.93 

0.349 

281 

5.17 

2.60 

11.50 

1.67 

1.75 

0.502 

201 

3.35 

2.95 

11.18 

1.32 

1.90 

0.674 

304 

3.11 

3.36 

11.60 

1.32 

1.74 

0.330 

219 

2.94 

2.95 

11.06 

1.47 

1.80 

0.348 

268 

4.14 

2.84 

11.44 

1.43 

1.81 

0.217 

220 

4.89 

2.40 

11.13 

1.62 

1.77 

0.534 

264 

3.95 

2.93 

11.25 

1.26 

2.00 

0.372 

233 

5.38 

2.71 

11.20 

1.40 

2.05 

0.521 

286 

3.70 

2.93 

11.40 

1.39 

1.72 
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TABLE 1 — Continued 


Redshift a R e 

[km s -1 ] [kpc] 

lo S(7e,ff) 
[Lq pc“ 2 ] 

log (M*) (g — z)rest D n 4000 
[Mq\ 



Note. — An electronic version of these data is available from HJZ upon request. 



